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Abstract 
Traffic congestion on on-ramp metered areas will increase the delay and reduce the capacity of urban elevated 
road dramatically. The method of alternate driving has the function of increasing the capacity of the on-ramp 
metered areas under the crowded conditions effectively. Focusing on the variation of metered proportion of the 
main-road and on-ramp road, a cellular automaton based model was proposed with respect to the optimal capacity, 
which is judged by the interflow numbers. The proposed capacity model is expected to be an improvement to the 
traditional model with the theory of cellular automation. The evaluation work was carried out by the VISSIM 
software, and the simulations show good corresponding results according to the optimal capacity model. 
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1. Introduction 
In recent years, many domestic cities have appeared serious traffic jams, especially in Beijing, Shanghai and 
other big cities, along with the massive upward rise in motorization. And we should note that traffic congestion 
has gravely affected the residents travel in all aspects of factors. For example, congestion causes damage to the 
smooth operation of traffic flow greatly. Ramp is the subsidiary connection segment, which combines highway 
and urban elevated main road, has also faced the embarrassed traffic jam situation in different degrees (LONG 
Kejun and YANG Xiaoguang, 2004). In the other hand, metered ramp plays a decisive bridge  role in highway 
* Corresponding author. Tel.: +86-18817846495; fax: 021-69589475. 
E-mail address: 9tanhd@tongji.edu.cn 
Available online at www.sciencedirect.com
 013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.
lection and peer-r view under responsibility of Chinese Overseas Transportation Associati (COTA).
1765 Huadong Tan et al. /  Procedia - Social and Behavioral Sciences  96 ( 2013 )  1764 – 1773 
and urban comprehensive transportation network, which can effectively improve the main road capacity and 
reduce vehicle travel time through reasonable control regulation.  
The ramp capacity studies have had relatively good results both at home and abroad. At present, the research 
is mainly based on two types: one is based on the method of HCM theoretical calculation ramp capacity (HCM, 
2000); the other one calculate the ramp capacity by the acceptable gap method (Ioannis Papamichail and 
Markos Papageorigou, 2011). In previous studies, research usually assumed that the parameter of critical gap 
between drivers  choice, and get a result that the capacity will decrease in this situation (Ashworth R, 1969). 
For  the  objective influence  factors,  researchers  mainly  consider  the  effect  of waiting  time  on  the  
(Polus A, et.al, 2003). The works mentioned above are usually for 
considering the variable critical gap at un-signalized intersection. Many scholars studied the gap acceptance 
theory model by c behaviours on the on-ramp of urban expressway 
(GUAN Yu, ZHANG Ning, et.al, 2010).  
As mentioned above, the previous research doesn t focus on the zippered metered control, which may have a 
significant improvement of increasing the capacity of the on-ramp junction. This paper is structured as follows: a 
zippered on-ramp metered control strategy is proposed in section 2. In the next section, cellular automaton traffic 
flow model is described. Then, the optimal capacity model is build based on the cellular automaton traffic flow 
theory in section 4. And in section 5, the evaluation work is done though the VISSIM software. Lastly, 
conclusion and discussion part is presented in section 6.  
 
Nomenclature 
L length of each cellular 
lveh               length of each vehicle 
Vn(t)       speed of  the car n at the time t 
Sn(t)        position of the car n at the time t 
q,Q         traffic flow 
dn           distance between vehicle n and vehicle n+1 
p,P         probability 
C capacity 
'n          critical distance that n vehicles can interflow into the mainline safely 
n           revised critical distance that n vehicles can interflow into the mainline safely 
k             time interval index 
L           flow transition weight factor for sub-segment i 
i              the short for lanes 
j              number of  cellular 
M            average numbers of main-road vehicles interflow in one cycle 
N             average numbers of on-ramp vehicles interflow in one cycle 
GREEN   the green time of main-road vehicles in one cycle 
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2. Zippered on-ramp metered control strategy 
Confused traffic flow always cause traffic jam, and in reverse, smooth traffic flow state can effectively 
improve the capacity and driving safety of the urban road system. Generally speaking, the main road vehicle has 
relative priority right of the way. Ramp vehicles have to wait for the enough headway gaps between the mainline 
vehicles. Only when the enough acceptable gap exists, allow the ramp vehicles interflow passage (M. 
Papageorgiou and I. Papamichail, 2008). However, the on-ramp metered areas always face the bottleneck 
problem in the actual operation process. 
In the year 2004, the Chinese traffic safety law clearly stipulates: motor vehicles shall alternate passage in turn 
when facing the intersection of a stop queue up or slow down at the situation of no traffic lights, traffic signs, 
traffic line and traffic police command (Chinese traffic safety law, 2004).  Alternate passage relatively deprives 
the mainline traffic priority, each traffic flow through the stop line in the proportion of 1 to 1. Research shows 
that ramp control strategy will be more effective than the acceptable gap when the mainline flow is large, which 
also has the function of enhancing the traffic safety (LONG Kejun and YANG Xiaoguang, 2004). 
Since that alternate passage can enhance the capacity of the metered on-ramp areas greatly, what the variation 
tendency would be when we assign the proportion to be n to m? And which proportion is the optimal one? For 
convenience, we named this variation of proportion control method as zippered control strategy. 
3. Cellular Automaton Traffic Flow Model 
Cellular automata traffic model refers to dividing the road several cellular, which has the same inerratic shape. 
The vehicles in the traffic flow occupy one or more cellular, and have complex dynamic evolution there. 
Different from general dynamic model, the cellular automata is not determined by strictly defined physical 
equation or function, but made of a series of model structure rules. Those who meet these rules can be classified 
as cellular automata model. Therefore, cellular automaton is the general name of a kind of models, or rather 
framework of a method.  Its characteristic is that the time, space and status are discrete, each variable only take 
some limited states, and the states changing rules are regional both in time and space. The schematic diagram of 
metered on-ramp for urban elevated road is showed as figure 1: 
 
Fig. 1. Illustration of on-ramp traditional metering 
The most widely used traffic headway distribution theory is shift negative exponential distribution and M3 
distribution. Shift negative exponential distribution is broadly applied for it is better able to characterize a 
saturation state of traffic flow than the negative exponential distribution. While M3 distribution can reflect the 
actual operation of traffic state as one part of the traffic is team running state and the other part is free flow state. 
Assume that the mainline time-headway obeys M3 distribution, and then the probability density function is: 
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Where, )/( mm qq  . 
Dividing the road into several regular squares, the length of which to be L. Each square is occupied by one 
vehicle at most. Let s assume Vn(t) and Sn(t) to be the speed and position of the car n at the time t separately. Vn(t) 
set values for {0,1,2 Vmax}, the length of each vehicle to be lveh. The model can be described as figure 2: 
 
Fig. 2. Illustration of on-ramp zippered metering 
Given the ahead vehicle speed effect, brake influence and the back car random slow down factors (W. Knospe, 
L. Santen, et.al, 2000), the evolution of vehicles between the time t and t+1 is as follows: 
Step 1: vehicle acceleration process. Speed change equation is as follow: 
),min( maxvvv nn                                                                         (2) 
Step 2:  vehicle deceleration process. Speed change equation is as follow: 
),min( maxvvdvv nnnn                                                                  (3) 
Constraint equations are as follows: 
vehnnn lSSd                                                                             (4) 
)],max(,,min( max   nnn dvvv                                                (5) 
Step 3:vehicle random slow down process. The random slow down probability for the moving vehicle is higher 
than the static one. Generally, assume the random slow down probability for static and moving vehicles to be p0  
and p separetly, then we have p0>p. If you consider the brake effect, you shall judge the brake light 
correspondingly.  
Step 4: motor process. Kinematic equation is as follow: 
)()()( tvtStS nnn                                                                      (6) 
4. Optimal Capacity Model 
4.1. Assumptions 
 The start time and acceleration of all vehicles are the same, the vehicles  length are lveh. 
 The mainline traffic flow s headway distribution obeys M3 distribution. 
 Ramp exist long enough queue, namely on-ramp arrival rate for model influence can be ignored. 
 The main-line vehicles have no overtaking and lane changing behaviour in the junction area. 
 The vehicles in the ramp only interflow with the mainline kerb lane, junction has no influence to the 
mainline inside lane. 
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4.2. Optimal Model  
The mainline traffic flow s headway distribution obey M3 distribution, one part of the mainline traffic flow 
travel in the manner of  motorcade state and the other part travel in the manner of  free state. Then the capacity of 
the junction area should be the sum of the two parts.  
motorcadefreetotal CCC                                                                  (7) 
Where, Ctotal is the capacity of sum of the junction area, 
            Cfree  is the capacity of the free part flow, 
            Cmotorcade is the capacity of the motorcade part flow. 
4.2.1. Solution to Cfree 
Assume that there are two vehicles a and b in the mainline junction area, their positions are Sa and Sb, and 
their speeds are va and vb separately. Vehicle c locate in the accelerate lane, its position is Sc. The vehicle c is 
waiting for enough gap to interflow into the mainline. 
The vehicle c will interflow into the mainline with the probability Pjoin when it satisfy: 
acb SSS                                                                              (8) 
 vehvehbac llSSd                                                           (9) 
Where, dc is distance between a and b. 
Pjoin relates to dc, the driver psychological characteristics, former vehicle random slow down and brake 
light, et al. 
             'n is the critical distance that n vehicles can interflow into the mainline safely. 
             n is the revised parameter for 'n. 
 According to the traffic flow wave theory, we have: 
 When d1< 1, no car can interflow into the mainline. 
 When d1> 1, one car may interflow into the mainline. 
 When d1< 1 but d1+d2> 2, two cars may interflow into the mainline. 
 When d1< 1, d1+d2< 2  but d1+d2+ +di> i, i cars may interflow into the mainline. 
Therefore, we can calculate the capacity with the below formula: 
N
n
mainfree nnPNC

)(                                                              (10) 
)...()...()()( nndddPddPdPnP                             (11) 
Where, Nmain is the initial length of the mainline traffic flow. 
             P(n) is the probability that n vehicles interflow into the mainline. 
4.2.2. Solution to Cmotorcade 
When the mainline traffic flow run as motorcade type, the gap theory do little help to calculate the capacity of 
the junction area. Research shows that alternate passage do contribute to improve the metered capacity. In order 
to look for the optimal calculate, it is meaningful for us to find the best proportion n to m. what's more, we must 
know whether the optimal proportion for the junction is variable. As we all know: 
rampmainmotorcade CCC                                                   12  
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4.2.2.1. Solution 1 
The main string flow and on-ramp zippered metered flow of the urban elevated road are quite similar to the 
signal intersection. A simple method is to compare the calculation of the signal intersection capacity with the 
junction capacity. 
The formula of signal intersection capacity is as follow: 
  SC                                                                           13  
Where, is split ratio. 
Therefore, when we assign the proportion to be n to m, we have: 
rampmain
main
mainmain QQ
Q
mn
nSC                                                  14  
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4.2.2.2. Solution 2 
From the formula, we find that solution 1 is concise and explicit. However, the method of solution 1 cannot be 
used directly actually. Firstly, it cannot reveal the essence of the metered flow as it just simulates the method of 
signal intersection. Secondly, it ignores the revolution of the traffic flow, with which we may feel confused how 
does it comes like this. What s more, it is very hard to collect the precise data, and once we get it, we still cannot 
gain the accurate results. 
 
Fig. 3.  Illustration of the optimal capacity model 
As figure 3 shows: stop line locates in the front of the zippered metered zone, label the cellular as j 
successively, j=1,2,3 . For convenience, we mark the mainline and the on-ramp with i; i equals to 0 or 1, 0 
represents the kerb lane of the mainline and 1 means the on-ramp lane. Time interval index is k, k equals to 1, 2, 
3 . Traffic flow is q.  
Assume that flow transition weight factor for sub-segment i is L , then the time and space flow transfer 
equation for the merge area is as follow: 
))(,()())(,())(,( kjkqkjkqkjkq iiiiiiii                         17  
The constraint equations are as follows: 
)()()( kmkjkj                                                           18  
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)()()( knkjkj                                                           19  
The characteristic of the zippered interflow is that different lane i have different right of the way at the interval 
k. in this paper, we use pi to describe the right of the way for lane i, pi equals to 0 or 1. 0 represents no right of the 
way, while 1 means right of the way. The constraint equations are as follows: 
 ii pp                                                                    20  
 ii pp                                                                     21  
Then the flow during interval k is: 
))(,()())(,()()( kjkqkpkjkqkpkq                                       22  
For the time T, the capacity can be calculated as follow: 
K
k
K
k
rampmainmotorcade kjkqkpkjkqkpkqCCC



))](,()())(,()([)(               23  
Where, K equals to T/Interval. 
K
k
N
n
maintotal kjkqkpkjkqkpnnPNC



))](,()())(,()([)(                 24  
5. Model validation 
In order to validate the on-ramp optimal zippered interflow model, we select a typical on-ramp junction area 
having the VISSIM simulation, which locates at North-South elevated road, Shanghai, China. 
5.1. Free flow simulation 
 According to the relative theory of the optimal model, when the mainline runs as free flow, we can improve 
the capacity by taking the main-road priority control strategy. In the VISSIM simulation, we select the flow and 
speed of the main-road for 2500veh/h and 70~75km/h, and select the flow and speed of metered on-ramp road for 
900veh/h and 40~45 km/h. Choosing the outlet flow and unit cycle number of vehicles as the evaluation index. 
The simulation results are showed blow in table 1: 
                                Table 1. Free flow VISSIM simulation results 
GREEN RED M N Speed Capacity 
5 5 3 3 67.4 1596 
5 10 3 3 68.8 1320 
5 15 3 5 69.6 1188 
10 5 5 3 69.0 2004 
10 10 5 5 68.0 1812 
15 5 8 3 69.6 2148 
15 15 9 8 69.2 1884 
20 5 14 3 67.8 2292 
20 20 13 8 68.2 1992 
25 5 18 3 51.9 2448 
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25 25 15 11 66.2 2028 
30 30 20 12 68.4 1920 
35 35 21 13 67.5 2112 
40 40 25 18 68.2 1956 
50 50 32 22 65.8 2052 
- - - - 70.1 2484 
5.2. Motorcade flow simulation 
The purpose of this motorcade flow simulation is to test the optimal model and argue the most appropriate 
proportions of interflow. In this VISSIM simulation, we select the flow and speed of the main-road for 2500veh/h 
and 70~75km/h, and select the flow and speed of metered on-ramp road for 1800veh/h and 40~45 km/h. 
Choosing the outlet flow and unit cycle number of vehicles as the evaluation index. The simulation results are 
showed blow in table 2: 
Table 2. Motorcade flow VISSIM simulation results 
GREEN RED M N Speed C 
5 5 2.5 2.5 67.2 1692 
5 10 2.5 5.5 67.9 1848 
5 15 3 9 68.8 2004 
5 20 3 10 66.6 2076 
10 5 5 2 68.8 1980 
10 10 6 6 67.3 2076 
10 15 6 10 67.2 2112 
15 5 8 2 69.6 2112 
15 10 9 6 66.1 2208 
15 15 10 10 67.6 2268 
15 20 10 12 67.0 2280 
20 15 12 10 68.0 2292 
20 20 13 13 67.1 2340 
25 20 14 12 60.6 2496 
25 25 18 18 64.8 2400 
30 25 20 12 53.1 2340 
30 30 19 19 64.9 2328 
35 35 25 25 56.2 2484 
40 40 26 26 51.5 2400 
50 50 - - 51.8 2352 
 
We choose the most common green control time from 5 seconds to 50 seconds in table 2, and the time interval 
is 5 seconds. Of course, other control time may be existed, but they don t influence the result, and we may have 
experiments to test them. 
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Fig. 4. Contrast between different zippered control strategy
From the figure 4(a), we can find the relationships between the GREEN and M, N. At first, M and N increase
with GREEN synchronously. As the GREEN continues to grow, M and N remains a constant value for the traffic
flow has reached a traffic bottleneck. However, with the GREEN still increase, M will continue to grow for 
GREEN of the main-road sacrifices the green-time of the on-ramp road. In fact, this situation is not good because
it may collapse the on-ramp road traffic flow. In the figure 4(b), when flow and speed of the main-road are 
constant values, the optimal M and capacity can be determined. But what draws our eyes is that once M becomes
very large, in return capacity will drop by small degrees. The relationship between N and Capacity just as figure
4(c) shows, it varies with the flow, speed, the length of the on-ramp road and et al.
Through the VISSIM simulation, we can find the optimal GREEN, M, N and calculate the corresponding 
capacity at the given flow and speed. When the flow and speed vary with the time, GREEN, M and N may not be
a constant, but they will transit smoothly from the former state. What s more, by the method of zippered control,
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we may improve the capacity effectively. As table 2 shows: capacity increases from 1692 to 2484veh/h, this is 
fatal in the actual operation. 
6. Conclusions and Discussion  
Focusing on the variation of metered proportion of the main-road and on-ramp road, a cellular automaton 
based model was proposed with respect to the optimal capacity, which is judged by the interflow numbers. The 
proposed capacity model is expected to be an improvement to the traditional model with the theory of cellular 
automation. The evaluation work was carried out by the VISSIM software, and the simulations show good 
corresponding results according with the optimal capacity model, which may bring more smooth operation 
conditions. 
In this article, the optimal model was proposed, and static situation was simulated by the VISSIM software, 
which shows ideal results. Although the dynamic traffic situation can be worked out by the optimal model, 
however, we still cannot utilize the simulation software to test it. We may use the method of numerical simulation 
analysis to evaluate the model during the follow-up work. 
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